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Abstract 
Rare–Earth free luminescent materials are fast becoming important as the cost of rare earth 
ions gradually increases. In this work, a Rare–Earth free BaGa2O4 luminescent compound 
was prepared by solid state chemical reaction, which was confirmed to have a single phase by 
X-ray Diffraction. The Backscattered Electron image and Energy Dispersive X-ray 
spectroscopy maps confirmed irregular particle and homogeneous compound formation, 
respectively. The Photoluminescence spectrum displayed broad emission between 350 to 650 
nm, which was deconvoluted into two components. The photoluminescence excitation peak 
was positioned at 254 nm, which corresponds with the band-to-band position observed from 
the diffuse reflectance spectrum. The band gap was extrapolated to 4.65 ± 0.02 eV using the 
Kubelka-Munk model. The preliminary thermoluminescence results indicated that the 
kinetics involved were neither of first nor second order. Additionally, the activation energy of 
the electrons within the trap centres was approximated to 0.61 ± 0.01 eV using the Initial Rise 
model. 
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1. Introduction 
Luminescence has found several applications in the industry, ranging from Light Emitting 
Diodes (LED) [1], Display devices [2], Biological mapping [3] and Dosimetry[4], to mention 
a few. The luminescence phenomenon can be either spontaneous or stimulated, where the 
former emerges from extrinsic defects or intrinsic defects, which trap and spontaneously 
release electrons [5]. The stimulated luminescence phenomenon emerges from the intrinsic 
defects that trap and hold the electrons, due to the required activation energy that is greater 
than the thermal energy available at temperature [6]. The electron stimulation phenomenon is 
triggered by ambient temperature in persistent luminescent materials, resulting in electron 
excitation from shallow electron trapping centres to the conduction band, and eventually to 
the luminescence centre [7], leading to persistent luminescence.  
 
Thermoluminescence (TL) spectroscopy has emerged as an important technique that can be 
used to understand the dynamics of electron trapping centres. Different TL glow–curve 
analysis methods have been applied in order to investigate the kinetics of the trapped 
electrons and to calculate the activation energy of the corresponding electrons. Such methods 
include Chen’s Peak Geometry, Initial Rise and Variable Heating Rate model, just to mention 
a few [2]. Although, the TL does not reveal direct information about the shallow electron 
trapping centres, it does prove the presence and the depth of electron trapping centres [2].  
 
TL analysis has been carried out on several luminescent materials; however a TL study on 
Barium Gallate (BaGa2O4), has not been carried out rigorously. This compound is a double 
oxide belonging to the tetrahedral framework topologies, which exists in several polymorphs 
[8], It important for luminescence studies, because it displays luminescence without having to 
incorporate the expensive rare-earth ions [5], and provides an alternative to the rigorously 
studied ZnO. A similar compound, ZnGa2O4, displays a broad blue emission from 350 to 700 
nm, when it is excited with an ultra violet lamp [9]. Its emission is attributed to the intrinsic 
defects that originate from the octahedral GaO6 unit [10]. Thereby, according to the 
antecedents mentioned above, the aim of the present work is to explore the structural, 
photoluminescence (PL) and TL properties of BaGa2O4, which was prepared via the solid 
state chemical route.  
 
2. Experimental 
BaGa2O4 was synthesized via solid state reaction, by mixing stoichiometric amounts of BaO 
and Ga2O3. The two compounds were mixed into a slurry using Ethanol, then preheated at 
100 °C for 10 hours and then pressed into a pellet, which was later fired at 1200 °C for 5 
hours in air. The final product was allowed to cool down to room temperature and then 
ground into a powder. The crystalline phase was identified using a Rigaku SmartLab X-Ray 
diffractometer (XRD) with Cu Kα radiation of wavelength 1.5406 Å. The Backscattered 
Electron image along with the X-ray fluorescence maps were obtained using a Scanning 
Electron Microscope (SEM) (Hitachi S3400N), equipped with a Noran 7 from Thermo 
Scientific for the Energy Dispersive X-ray Spectroscopy (EDS) maps. The steady state 
Photoluminescence (PL) emission and excitation (PLE) properties of the phosphor were 
probed using a Horiba Fluorolog-3 photoluminescence spectrometer. The diffused reflectance 
spectrum was recorded with a Lamba 1050 UV/Visible/NIR absorption spectroscopy, from 
Perkin Elmer. The time resolved PL measurements were carried out by exciting the sample 
with a pulsed nitrogen laser, which only has a 337 nm wavelength beam. The decay curves 
were recorded using an intensified Andor DH720 CCD camera that was coupled to an Ebert 
monochromator. The glow curves were recorded using thermoluminescence spectroscopy 
(Risø TL/OSL reader – model TL/OSL-DA-20), which used 90Sr beta radiation source at a 
dose rate of 0.01028 Gy/s. The TL system was equipped with a U340 Schott filter with a pass 
band in the 340 – 380 nm wavelengths.  
 
3. Results and Discussion 
 
 
Figure 1: XRD pattern and JCPDS standard of BaGa2O4. 
The XRD pattern (Fig. 1) of BaGa2O4 prepared by the solid state chemical route along with 
that of the standard file with a JCPDS card number 73–0276, are displayed. The two patterns 
match, indicating that the experimental BaGa2O4 was fabricated successfully, and it was a 
single phase. The signature of crystallinity was observed from the sharp peaks, corresponding 
to large crystallites, typical for samples prepared at high temperatures [11]. The choice of 
high temperatures related with solid state chemical reaction is mandatory, in order to assist in 
dissociating the strong oxygen bonds with cation [9,11]. 
 
Figure 2: BSE image and the EDS X-Ray maps of BaGa2O4.  
The Backscattered Secondary Electron (BSE) image of BaGa2O4 (Fig 2.) measured over a 26 
× 18 µm
2
 field of view, shows that the samples crystallized into particles of irregular shape. 
Agglomeration is observed, which is a signature of a sample prepared at high temperatures 
[12]. The EDS images (Fig. 2), showing Ba, Ga and O elements, were captured 
simultaneously with the BSE image over a 26 × 18 µm
2
 field of view. These images confirm 
the presence of the three constituent elements and their uniform distribution throughout the 
sample. 
The PLE spectrum (Fig. 3a) shows that the major absorption band of BaGa2O4 is at 254 nm. 
Upon exciting the sample with a 254 nm wavelength photon source, a broad emission from 
350 to 650 nm was recorded. The broad peak was deconvoluted into two peaks (Fig. 3a 
insert). The luminescence of the double oxide gallate compounds originates from the intrinsic 
defect emission, from the GaO6 octahedral unit [9,10].  The lower energy luminescence was 
tentatively assigned by Denks et al. [13] to be the recombination of electronic excitations 
near the oxygen vacancies, while the weaker band at the higher energy wavelength from 
radiative recombination of self-trapped excitons.  Though the emission is broad and spanning 
several wavelengths, the Commission Internationale de l'Eclairage (CIE) chromaticity 
coordinate plot (Fig 3b) shows that the overall observable emission of BaGa2O4 is bluish, 
with CIE colour index coordinates, x = 0.18 and y = 0.20. 
 
Figure 3: (a) PL excitation and emission spectra, with an insert showing the deconvoluted 
emission spectrum. (b) The CIE coordinate plot confirming a bluish emission. 
The measured diffuse reflectance spectrum (Fig. 4) shows the prominent absorption band 
(Marked A) corresponding to band-to-band transitions [14], at 254 nm, which is consistent 
with the PLE excitation peak position (Fig. 3). Fig. 4 insert, shows a Kubelka–Munk function 
plot that is derivable from the diffuse reflectance spectrum using Eq. 1:  
 ( )   
(   ) 
  
                                                                   (1) 
where F(R) is the reflectance factor that is transformed according to the Kubelka – Munk 
model from the reflectance R, where R = Rsample/ Rstandard, and Ba2SO4 was used as a standard 
sample [15]. The Tauc’s relation is then reconstructed using the Kubelka – Munk relation to 
obtain (Eq. 2), from which the energy band gap (Eg) of the material can be extrapolated [15]: 
( ( )    )   (     )                                                 (2) 
where the hv is the photon energy and C is a proportionality constant [15]. From the relation 
given by Eq. 2, a curve of ( ( )    )  vs    is then constructed, from which a tangent line 
is fitted at its point of inflection, from which the band gap is extrapolated [16]. The 
extrapolation approximates the band gap of BaGa2O4 to 4.65 ± 0.02 eV. The obtained value 




 Figure 4: Diffuse reflectance spectrum with an insert showing the Kubelka-Munk function 
used to approximate the band gap of BaGa2O4. 
The time resolved measurements of BaGa2O4 were recorded after exciting the sample with 
the 337 nm wavelength from a Nitrogen laser photon source. Though the wavelength of the 
laser system was fixed at 337 nm, we were still able to excite the sample with it, because of 
the absorbing states that still exist in that range, as observed in the diffused reflectance 
spectrum (Fig. 4). It is obvious from the diffuse reflectance, that though these states are 
absorbing, they are still not prominent as the band-to-band absorption. The decay profile (Fig. 
5) was recorded up to 2.2 µs, and showed two components, which were fitted using the 
second order exponential decay curve, Eq. 3 [18]. The decay curve was recorded by 
monitoring the entire band ranging from 350 to 650 nm. 
 ( )        ⁄        ⁄                                                       (3) 
where I is the luminescence intensity, A & B are constants, t is the time, τ1 and τ2 are the 
decay times of the first and the second components, respectively [18]. The measured 
phosphorescence decay times were approximated to 0.20 ± 0.04 µs for the fast decay and 
0.37 ± 0.08 µs for the slow decay, for τ1 and τ2, respectively. The two components of 
luminescence compliment the two peaks obtained upon deconvoluting the PL emission 
spectrum.  
  
Figure 5: Photoluminescence decay curve of BaGa2O4. 
The TL glow curve of BaGa2O4 (Fig. 6) was recorded after exposing the sample to 41 Gy of 
beta radiation and heating it at the rate of 1 
o
C/s. The intensity of the signal was improved by 
increasing the irradiation source dose up to 655 Gy, and consequently, the peak of the glow 
curves shifted to higher temperatures with the increase in the dose. A systematic increment of 
the dose has been reported to identify the nature of kinetics followed by the electrons when 
they de-trap from the electron trapping centres. If the glow peaks do not shift in temperature 
positions upon exposing the material to different doses, this indicates that the system follows 
first order kinetics [18,19]. Peaks that shift systematically to lower temperatures, suggest that 
the system follows second order kinetics [19]. The peak of the glow curves of BaGa2O4 shift 
to higher temperatures as the dose was increased, suggesting that the underlying kinetics were 
neither of first nor second order. The insert (Fig. 6) shows the dose response of the system, 
and the dotted line is used as a visual guide. 
 
  
Figure 6: BaGa2O4 glow curve at different doses. The insert shows the dose response curve, 
and the dotted line is a visual guide not a fit line. 
Figure 7 shows the glow curve of BaGa2O4 corresponding to 328 Gy of beta particle 
irradiation, which is used to compute the activation energy of the trapped electrons, via the 
Initial Rise Model. The Initial rise model makes use of the Garlick and Gibson model (Eq. 4), 
which operates independent of the kinetic order at low temperature intervals of the TL glow 
curve. 
 ( )   
  
  ⁄                                                                        (4) 
where E is the activation energy of the electrons within the trap centres and k is the 
Boltzmann constant [20]. The initial rise method is based on the following hypothesis: in the 
low temperature tail of a peak the amount of the trapped electrons can be assumed constant 
and the dependence on temperature is negligible. In fact, with increasing temperature up to a 
critical value, TC, corresponding to a TL intensity not larger than 15 % of the TL intensity at 
the peak maximum, IC [21]. The activation energy of BaGa2O4 was approximated to be 0.61 ± 
0.01 eV, from the slope of the linear fit of the Initial Rise data (Fig 7 Inset), which is used as 
the first attempt to evaluate the activation energy. 
 
Figure 7: BaGa2O4 glow curve recorded at 328 Gy, and the insert shows the linear fit with a 
slope that is equal to the activation energy. 
4. Conclusions 
It was feasible to obtain BaGa2O4 luminescent compound by Solid State Chemical reaction 
with phase purity according to the XRD results. The BSE image showed a morphology that is 
composed of irregular particles, and EDS maps confirmed the homogeneous incorporation of 
each element throughout the compound. The spontaneous luminescence displayed a broad 
emission that originates from the octahedral GaO6 unit. The band gap of the material was 
determined as 4.65 ± 0.02 eV by using the Kubelka-Munk model. The preliminary TL 
experimental evidence showed a single low temperature peak, from which the activation 
energy of the trapped electrons was approximated to 0.61 ± 0.01 eV. 
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